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Abstract
We construct net baryon number and strangeness susceptibilities as well as correlations between electric charge,
strangeness and baryon number from experimental data on the particle production yields at midrapidity of the ALICE
Collaboration at CERN. The data were taken in central Pb-Pb collisions at
√
sNN = 2.76 TeV and cover one unit of
rapidity. We show that the resulting fluctuations and correlations are consistent with Lattice QCD results at the chiral
crossover pseudocritical temperature Tc ' 155 MeV. This agreement lends strong support to the assumption that the
fireball created in these collisions is of thermal origin and exhibits characteristic properties expected in QCD at the
transition from the quark gluon plasma to the hadronic phase. Since Lattice QCD calculations are performed at a
baryochemical potential of µB = 0, the comparisons with LHC data are the most direct due to the vanishing baryon
transport to midrapidity at these high energies.
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1. Introduction and motivation
Particle production in ultra-relativistic heavy-ion collisions is a complex process and its theoretical char-
acterisation combines fundamental aspects of Quantum Chromodynamics (QCD) with many-body theories
which describe the produced matter in thermal equilibrium. Ultimately, the goal is an as complete de-
scription as possible based on ab-initio QCD calculations without any further modelling or free parameters.
Ab-initio calculations are only feasible in certain regimes of the QCD phase diagram. If the chemical po-
tentials µ of the conserved charges in QCD (baryon number B, strangeness S , and electric charge Q) and the
temperature T are small with respect to the QCD scale parameter ΛQCD, i.e. µ,T  ΛQCD, then approaches
based on chiral perturbation theory are applicable. In the opposite case (µ,T  ΛQCD), the running cou-
pling allows perturbative QCD calculations. For the production of the bulk of light flavour hadrons, i.e. those
hadrons which contain only u, d, and s valence quarks, both approaches are not suited. About 98% of all
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particles at LHC energies are produced with transverse momenta pT < 2 GeV/c, thus in a non-perturbative
regime. Consequently, the only available ab-initio calculations are based on lattice gauge theory [1, 2, 3]
which is applicable for µ  T . As a matter of fact, this condition is best fulfilled at LHC energies where the
temperature is high and the baryon number transport to midrapidty is negligible, thus allowing for the most
direct comparison between theory and experiment.
From the experimental side, the complete set of light flavour hadron particle yields has been measured
by the ALICE collaboration in the recent years [4, 5, 6, 7]. It was found that the thermal model describes the
data on all particle yields within 3σ [8, 9]. Nevertheless, one of the remaining open issues is the question if
the quality of the fit can be further improved by including feed-down from missing resonances. As unknown
resonances are naturally included in lattice QCD (LQCD) calculations, it is of major importance to confirm
the consistency of LQCD calculations with the measured particle yields. The approach presented here,
which was published in detail in [10], provides this connection and allows a direct comparison of LQCD
results with experimental data on particle yields measured at the LHC.
2. Construction of conserved charge susceptibilities from particle yields
In the grand-canonical ensemble, the conservation laws are ensured by the chemical potentials ~µ =
(µB, µS , µQ). Fluctuations χˆN and correlations χˆNM of conserved quantities are quantified by the susceptibil-
ities
χˆN =
χN
T 2
=
∂2Pˆ
∂µˆ2N
χˆNM =
χNM
T 2
=
∂2Pˆ
∂µˆN∂µˆM
, (1)
where Pˆ = P/T 4 corresponds to the reduced pressure and µˆ = µ/T to the reduced chemical potential of
the conserved quantity N,M = (B, S ,Q). The susceptibility of a conserved charge can be also related to its
variance χˆN = 1VT 3
(
〈N2〉 − 〈N〉2
)
, where N = Nq − N−q corresponds to the difference between the number
of particles with charge q and those with charge −q and V to the volume. With the probability distribution
P(N), the n-th moment 〈N〉 is calculated as 〈Nn〉 = ∑ NnP(N). In the study presented here, the baseline
assumption is that charge Nq and anti-charge N−q are uncorrelated and follow a Poisson distribution. Then
it follows that P(N) is given by the so-called Skellam distribution:
P(N) =
( 〈Nq〉
〈N−q〉
)N/2
IN
(
2
√
〈Nq〉〈N−q〉) exp[−(〈Nq〉 + 〈N−q〉)] . (2)
In the following, we make use of the feature that the variance of the Skellam distribution can be directly
calculated from the mean number of particles and anti-particles as 〈N2〉 − 〈N〉2 = 〈Nq〉 + 〈N−q〉. And thus
the susceptibility is obtained as
χˆN =
1
VT 3
(
〈Nq〉 + 〈N−q〉
)
. (3)
However, the previous equation is only valid if there are only particles of the same charge, as for the baryon
number, where the charge is B = ±1. For strangeness and electric charge, there are hadrons with charge two
and three. In this case, the Skellam probability distribution has to be generalised and results in the following
expressions for the susceptibilities [11]:
χˆN =
χN
T 2
=
1
VT 3
|q|∑
n=1
n2(〈Nn〉 + 〈N−n〉) χˆNM = χNMT 2 =
1
VT 3
qN∑
n=−qN
qM∑
m=−qM
nm〈Nn,m〉 (4)
where 〈Nn,m〉, is the mean number of particles and resonances carrying charges N = n and M = m.
/ Nuclear Physics A 00 (2018) 1–5 3
Fig. 1: Comparison of different susceptibility ratios obtained from Eqs. (5), (6), and (7) by using data
measured by the ALICE collaboration with LQCD results from Refs. [3, 12] at T = 155 MeV (left) and as
a function of temperature for χB/χS (right). The LQCD value at T = 155 MeV is from Ref. [12].
3. Results
After some further assumptions (see [10] for details) and inserting the values for particle yields measured
by the ALICE collaboration [4, 5, 6, 7], the following results are obtained:
χB
T 2
=
1
VT 3
[4〈p〉 + 2〈(Λ + Σ0)〉 + 4〈Σ+〉 + 4〈Ξ〉 + 2〈Ω〉] = 1
VT 3
(203.7 ± 11.44) (5)
χS
T 2
' 1
VT 3
[2〈K+〉 + 2〈K0〉 + 2〈(Λ + Σ0)〉 + 4〈Σ+〉 + 16〈Ξ〉 + 18〈Ω〉 − 2(Γφ→K+ + Γφ→K0 )〈φ〉]
=
1
VT 3
(504.35 ± 24.14) (6)
χQS
T 2
' 1
VT 3
[2〈K+〉 + 4〈Ξ−〉 + 6〈Ω−〉 − 2Γφ→K+〈φ〉 − 2ΓK∗0→K+〈K∗〉] =
1
VT 3
(178.5 ± 17.14) (7)
As can be seen, in the case of strange particles, contributions of particles with S = 0 decaying into particles
with S , 0 need to be subtracted. Furthermore, the production yield of protons and neutrons is assumed
to be equal which is also experimentally justified based on the fact that no surprises were found in the
measurement of the production yields of (anti)-deuterons or heavier (anti-)nuclei [13].
For a comparison with the LQCD results, ratios of the susceptibilities are formed in which the depen-
dence on the volume cancels. If there is a phase change from QGP to the hadronic phase, particle yields and
fluctuations of conserved charges are expected to be established at the chiral, pseudocritical temperature Tc.
A value of Tc = 155(1)(8) MeV was recently obtained in LQCD and, as shown in the left panel of Fig. 1, a
very good agreement is found between susceptibilities derived from ALICE particle yield data and LQCD
results at this temperature. Unfortunately, the temperature at which this agreement holds cannot be deter-
mined uniquely. As shown in the right panel of Fig. 1 and the left panel of Fig. 2, the ratios exhibit only a
weak dependence on temperature. Nevertheless, the temperature range T < 150 MeV is rejected as a satu-
ration regime for χB, χS , and χQS . As a matter of fact, the strongest temperature dependence is visible in the
ratio −χBS /χS . Unfortunately, only a lower limit can be set for this ratio, because contributions of strange
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Fig. 2: Ratio χB/χQS (left) and −χBS /χS (right) from LQCD data from Refs. [12, 3], and obtained from
ALICE data based on Eqs. (5), (6), and (7) shown as a blue band. The horizontal line at high-T is an ideal
gas value in a QGP.
baryonic resonances decaying into a non-strange baryon and a strange meson (e.g. the decay of Σ∗ → NK¯ )
are not determined experimentally. Similarly to the other ratios, also the lower limit on −χBS /χS excludes
temperatures below 150 MeV. At the same time, based on different combinations of charge fluctuations and
correlations, it was shown, that at T > 163 MeV, the LQCD thermodynamics can not be anymore described
by hadronic degrees of freedom [14]. This argument reduces a conceivable window for the saturation of the
net baryon number and strangeness fluctuations to 0.15 < T < 0.163 GeV.
4. Summary and conclusions
We found direct agreement between susceptibilities derived from experimentally measured particle
yields and LQCD calculations in the temperature regime of the chiral crossover Tc ≈ 155 MeV. This ob-
servation lends strong support to the notion that the fireball created in central nucleus-nucleus collisions
at the LHC is of thermal origin and exhibits characteristic properties expected in QCD at the transition
from a quark-gluon plasma to a hadronic phase. The analysis presented here provides the first direct link
between LHC heavy ion data measured in the full momentum range and predictions from LQCD. Actual
measurements of event-by-event fluctuations of net charges at the LHC are eagerly awaited in order to test
if the assumption that the variance is described by the Skellam distribution is valid. Furthermore, the study
presented here also provides a baseline for the investigation of deviations from the Skellam distribution for
higher order moments (n ≥ 6) caused by remnants of the critical chiral dynamics [15] at µ ≈ 0.
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